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Abstract: 

This invention provides an electrically plastic device in which an electron 
conjugate polymeric semiconductor layer containing a mobile dopant is formed 
across a pair of electrodes and at least one gate electrode is provided between 
said pair of electrodes with an insulating layer or a high-resistance layer 
interposed along said electron conjugate polymeric semiconductor layer, so that 
the dopant distribution in said electron conjugate polymeric semiconductor layer 
is controlled through said gate electrode, thereby controlling the electrical 
conductivity of said electron conjugate polymeric semiconductor layer. The 
device utilizes the substantially large variation in the electrical conductivity of an 
electrically conductive polymer depending on its dopant concentration, thus 
allowing a high-gain neurochip to be constructed. The control method of the 
electrically plastic device in accordance with this invention is carried out in such a 
way that a positive or negative pulse voltage is applied to the gate electrode to 
control the dopant distribution in the electron conjugate polymeric semiconductor 
layer, thereby varying the conductivity thereof, which is used as 
270 

a learning or reset operation so as to make said gate electrode at ground 
potential so that the pair of electrodes (source and drain) are driven into 
conduction. 
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© Plastic semiconductor device and its control method. 



© This invention provides an electrically plastic de- 
vice in which an electron conjugate polymeric semi- 
conductor layer containing a mobile dopant is 
formed across a pair of electrodes and at least one 
gate electrode is provided between said pair of elec- 
trodes with an insulating layer or a high-resistance 
layer interposed along said electron conjugate poly- 
meric semiconductor layer, so that the dopant dis- 
tribution in said electron conjugate polymeric semi- 
conductor layer is controlled through said gate elec- 
trode, thereby controlling the electrical conductivity 
of said electron conjugate polymeric semiconductor 
layer. The device utilizes the substantially large vari- 
ation in the electrical conductivity of an electrically 
conductive polymer depending on its dopant con- 
centration, thus allowing a high-gain neurochip to be 
constructed. The control method of the electrically 
plastic device in accordance with this invention is 
carried out in such a way that a positive or negative 
pulse voltage is applied to the gate electrode to 
control the dopant distribution in the electron con- 
jugate polymeric semiconductor layer, thereby vary- 



ing the conductivity thereof, which is used as a 
learning or reset operation so as to make said gate 
electrode at ground potential so that the pair of 
electrodes (source and drain) are driven into conduc- 
tion. 



Fig. 1 
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ELECTRICALLY PLASTIC DEVICE AND ITS CONTROL METHOD 



BACKGROUND OF THE INVENTION 



[Field of the Invention] 

This invention relates to a semiconductor de- 
vice having a novel electrical plasticity used for 
information processing through a neuraJ network 
and further to the control method thereof. 

The plastic device herein mentioned refers to a 
device which shows non-linear electrical character- 
istics, i.e. those in electrical conductivity and ca- 
pacity, depending on the energy of input, more 
specifically on its amount or change with time. 



[Description of the Prior Art] 

The information processing through a neural 
network, although a fine information processing 
performed in brains of living things, has so far been 
accompanied by a problem that there is no quality 
electronic device which functions like a synapse. 
This problem has confronted future information pro- 
cessing. 

The neurochips having already been proposed 
can be classified into two types, semiconductor 
devices and opticai devices. Although the 
neurochips using semiconductor devices have a 
more feasibility, they include no ones having ap- 
propriate characteristics for electronic devices hav- 
ing the plastic function. The result is that bipolar 
devices or CMOSs using a silicon semiconductor 
or the like are being improved as the devices 
performing analog operations for the development 
of a neural network. 

On the other hand, the devices which are dis- 
cussed for the one serving like a synapse to give 
the neural network a plastic function include the 
field-effect transistor (FET), transconductance am- 
plifier (OTA), capacitor array, switched register, and 
so forth. Among them, the FET has excellent fea- 
tures such as low power and high gain, and those 
such as floating gates for EPROMs and MNOSs 
are attracting the eyes of the skilled in the art. 

As for electrically conductive polymers, it is 
common knowledge that they are composed of 
polymers having large-extended conjugate w elec- 
tron systems such as polyacetylene, polypyrrole, 
polythiophene, polyaniline, polyacene, and so forth, 
and contain electron donors (e.g. metal ions) or 
electron acceptors (anions such as Lewis acid or 
protonic acid) as a dopant, thus showing a high 
electrical conductivity. The resultant dopant, how- 
ever, has had a large drawback that it will be 



diffused in a polymer matrix due to an electric field, 
thereby causing its conductivity to be varied. 

Molecule-based transistors that have made use 
of the above drawback in turn are disclosed In 

5 Journal of American Chemical Society, 106 , 
p.5375, 1984 edition by M.S. Wrighton et aLTand 
ibid. 109 , p.5526, 1987 edition by M.S. Wrighton. 

Furthermore, an electrically conductive variable 
device intended for a plastic device Is disclosed in 

10 Japanese Patent Laid-Open No. 63-200396. 

However, the conventional devices described 
above have been unsatisfactory in that they have 
neither appropriate characteristics for an electronic 
device nor those for a plastic device. 

is It is therefore the primary object of this inven- 
tion to provide an electrically plastic device having 
high-gain high-performance characteristics using a 
novel electrical control device. Another object of 
this invention is to provide a control method for this 

20 electrically plastic device. 

This invention provides an electrically plastic 
device in which an electron conjugate polymeric 
semiconductor layer containing a dopant or a mul- 
tilayer structure comprising an electron conjugate 

25 polymeric semiconductor layer and a mobile dop- 
ant retaining layer Is formed between or across a 
pair of electrodes, and at least one gate electrode 
Is provided between the pair of electrodes with an 
insulating layer or a high-resistance layer inter- 
so posed along the electron conjugate polymeric 
semiconductor layer, wherein the dopant distribu- 
tion in the electron conjugate polymeric semicon- 
ductor layer or mobile dopant retaining layer is 
controlled through the gate electrode, thereby con- 

35 trolling the conductivity of the electron conjugate 
polymeric semiconductor layer. 

One of the control methods for electrically 
plastic devices In accordance with this invention is 
carried out in such a way that a positive or nega- 

40 tive pulse voltage is applied to the gate electrode 
to control the dopant distribution in the electron 
conjugate polymeric semiconductor layer, thereby 
varying the conductivity thereof, which is used as a 
learning or reset operation to make the gate elec- 

45 trode at ground potential so that a pair of elec- 
trodes (source and drain) are driven into conduc- 
tion. Another control method for the same is such 
that the gate electrode is short-circuited to one of 
the pair of electrodes (source) and a positive or 

so negative pulse voltage is applied between the pair 
of electrodes so as to control the dopant distribu- 
tion in the electron conjugate polymeric semicon- 
ductor layer, thereby varying the conductivity 
thereof, which is used as a learning or a reset 
operation so that the pair of electrodes are driven 
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into conduction with a voltage lower than the pulse 
voltage. 

The electrically plastic device of this Invention 
can control the dopant distribution In the electron 
conjugate polymeric semiconductor layer or dopant 
retaining layer through the gate voltage, thereby, 
varying the electrical conductivity of the electron 
conjugate polymeric semiconductor layer, capable 
of amplifying the current across a pair of elec- 
trodes (equivalent to source and drain of FET) to a 
large extent allowing them to be switched. 

This electrically plastic device, whose operation 
is equivalent to the FET operation of a dopant 
mobile semiconductor, has excellent memory type 
non-linear electrical characteristics practically us- 
able as a plastic device. More precisely, in the 
electrically plastic device of this invention, when a 
voltage is applied to the gate electrode, it will be 
subjected to a substantial change in channel Im- 
pedance as the number of carriers due to field 
effect is affected by the time-varying dopant con- 
centration. This movement of the dopant is of a 
memory type and would never be done without 
gate electric field. Accordingly, when a network is 
formed of the plastic devices in accordance with 
this invention, a superior neural network with a high 
S/N ratio may be formed by virtue of a high 
change ratio in its channel impedance. 



BRIEF EXPLANATION OF THE DRAWINGS 

Figs. 1 and 2 are sectional conceptual views 
each showing an example of an electrically plas- 
tic device in accordance with this invention; 
Fig. 3 is a view typically showing the movement 
of anion dopant when a p-type electron con- 
jugate polymeric semiconductor is used; 
Figs. 4 and 5 are views showing the equivalent 
circuit of the device in accordance with this 
invention and the correlation and principle of the 
device configuration; 

Rgs. 6 and 7 are views each showing an exam- 
ple of the construction of four and two terminals, 
respectively, in the device of this invention; 
Fig. 8 is a chart showing the drain current re- 
sponse corresponding to gate voltages of the 
electrically plastic device of this invention; 
Fig. 9 is a chart showing the drain current-gate 
voltage (l 0 -V G ) of the device of this invention; 
and 

Fig. 10 is a view showing an example of the 
neural network of this invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Fig. 1 shows a sectional conceptual view illus- 



trating an example of an electrically plastic device 
of this invention. On a substrate 7, there is formed 
an electron conjugate polymeric semiconductor 
layer 3 containing a dopant, whereon are provided 
5 a pair of electrodes 1 and 2, and at least one gate 
electrode 5 is provided between the pair of elec- 
trodes 1 and 2 with an insulating layer 6 inter- 
posed. 

For the material of the electron conjugate poly- 
w meric semiconductor layer 3, polythiophene, poly- 
pyrrole, poly-p-phenylene, and their copolymers 
and derivatives are used. 

The electron conjugate polymer for this pur- 
pose is preferably supplied by synthesis through 

, , j MMW >. \wu 'WMIV W/\IMUUWII piSIJ 

merization or cathodic reduction polymerization) 
and a polymer derived from chemical polymeriza- 
tion may also be used. 

Anodic oxidation polymerization is that a dop- 
20 ant is dissolved into an electron conjugate mon- 
omer solution and, under an electric field generated 
between at least one pair of electrodes, the elec- 
tron conjugate monomer is electrolytically polymer- 
ized onto the anode with the result of obtaining an 
25 electrically conductive polymer into which the dop- 
ant has been dispersed. 

This method enables a molecular order film to 
be formed easily and uniformly, thereby facilitating 
the constructing of high-speed responsive devices. 

30 Furthermore, if both the dopant, imparting elec- 
tronic conductivity, and the plasticizer dissolving 
the dopant are dispersed into a polymer having 
long 7T electron conjugate principal chains, an elec- 
tron conjugate polymeric semiconductor layer hav- 

35 ing a high level of dopant mobility can be obtained, 
hence an electrically plastic device having a high 
speed response. 

Referring now to the operation of this invention, 
when a current source is connected across the 

40 electrodes 1 and 2, and a gate voltage to be 
applied to the gate electrode 5 is controlled, the 
channel impedance in the electron conjugate poly- 
meric semiconductor layer 3 between the elec- 
trodes 1 and 2 will be controlled by the gate 

45 voltage. That Is, the dopant concentration in the 
electron conjugate polymeric semiconductor layer 
3 will be varied correspondingly to the gate volt- 
age, thereby the channel impedance to be varied. 
The channel impedance across the source and 

so the drain of this electrically plastic device is depen- 
dent on the dopant concentration in the channel 
(equivalent to the impurity concentration of a semi- 
conductor), so that the lower the impedance, the 
more the drain current. An electron conjugate poly- 

55 meric semiconductor features in that the electrical 
conductivity thereof will be greatly varied from in- 
sulator to conductor depending on its dopant con- 
centration. The present invention is intended to 
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exert this feature of the electron conjugate poly- 
meric semiconductor to the best use. 

The dopant in this invention is mobile and its 
polarity is reverse to that of the charge carriers of 
the electron conjugate polymeric semiconductor, 
so that the electrical conductivity of the channel will 
be largely varied in the reverse direction against 
the variation of conduction due to the FET princi- 
ple. In addition, it is also possible that the mobility 
of the dopant has exact threshold values through 
the selecting of dopant, i.e. its ion radius and the 
amount of electric charge. 

Fig. 8 illustrates the operation characteristics 
showing the drain current response corresponding 
to the gate voltage in the case where a p-type 
electron conjugate polymeric semiconductor and 
an anion dopant are used for the electrically plastic 
device as an example. This figure is taken from a 
case in which the pulse width is longer than the 
movement of the dopant, where the gate voltage is 
varied to the three steps, a positive pulse voltage, a 
negative pulse voltage, and ground voltage. The 
response of field effect is in the order of micro- 
seconds, and the movement of dopant is in the 
order of milliseconds. 

The state of the operation of this device can be 
represented as in Fig. 9 from the viewpoint of l D -V Q 
characteristic, equivalent to such a characteristic 
just as MOSFETs of enhancement type and de- 
pression type are combined. 

Using this electrically plastic device, when an 
electrically plastic device 13 is connected in a 
network shape as shown in Rg. 10, and subjected 
to a learning with a positive gate pulse and a reset 
with a negative gate pulse as shown in Rg. 8, only 
the device in the network subjected to the learning 
results in an extremely low impedance, thus a 
neural network being formed up. This device, al- 
though taking a time in the order of milliseconds 
for the learning and the reset, features in allowing 
its conduction after the learning to respond in 
microseconds. Accordingly, although the learning 
and the reset of the electrically plastic device take 
milliseconds for response, the operation thereof as 
a neural network makes use of the electronic con- 
ductivity of the channel so that the device can 
operate in microseconds or lower. 

As will be understood from the above descrip- 
tion, the device of this invention is a semiconductor 
device having an excellent plasticity with a sub- 
stantially large variation in electrical conductivity, 
usable for information processing through a neural 
network. 

Moreover, when a plurality of such electrically 
plastic devices are used in connection as shown in 
Fig. 10, IC devices can be constructed in the same 
manner as in semiconductor integrated circuit pro- 
cess, thereby allowing a neural network to be con- 



structed on a chip and hence a large contribution 
toward information processing. 

Fig. 2 shows an example of the electrically 
plastic device with a higher performance having 

5 been formed up by overlaying a mobile dopant 
retaining layer 4 and an electron conjugate poly- 
meric semiconductor layer 3 onto an electrically 
conductive substrate 8. 

The mobile dopant retaining layer 4 is a layer 

ro so constructed as to allow the dopant easily to 
move, therefore being preferably of a low con- 
ductivity. The layer may also be an electrically 
conductive anisotropic film having a high insulating 
characteristic in the direction of the layer and a 

75 high conductivity in the orthogonal direction there- 
of. 

In the device represented in Fig. 2, due to the 
movement of the dopant under the electric field, 
ion radicals of the inverse polarity to that of the 

20 dopant occur in the electron conjugate polymer into 
which the foregoing dopant has penetrated. On the 
other hand, ions of the inverse polarity remaining in 
the dopant retaining layer 4 will undergo a redox. 
The dopant retaining layer 4, therefore, must be of 

25 a substance being reversible and stable against the 
redox. The construction above mentioned can 
make reversible and stable this electrical redox in 
the dopant retaining layer 4 which occurs during 
the operation of the gate electrode. When the ion 

30 radical is an electron donor (D), (D.* + e~*± - D°) 
is steadily repeated, while, when an electron ac- 
ceptor, (A .- A + e") Is steadily repeated. For a 
p-type electron conjugate polymer, anion dopant is 
doped by the gate electrode thereby increasing the 

35 electrical conductivity thereof, with + charges of 
cationlc radicals remaining in the dopant retaining 
layer 4. These charges are then reduced by the 
electrons from the inverse electrode, returning to 
neutral. And vice versa for an n-type polymer. 

40 Thus, in the dopant retaining layer 4 the redox 
reaction is reliably repeated. 

The mobile dopant retaining layer 4 is formed 
of a layer made up by dissolving into an ionic 
polymer a dopant primarily comprising electron 

45 donors (metal ions or the like) or electron accep- 
tors (anions such as Lewis acid and proton acid), 
the layer is also an ion conductive polymeric com- 
pound, it is preferable that the mobile dopant re- 
taining layer 4 comprises a polymer complex layer 

so formed of a dopant and a polymer, in which the 
mobility of the dopant may have exact threshold 
values, this case including ionic clathrate com- 
pounds or polyion complexes. 

For the clathrate compounds, a polymer having 

55 an alkylene oxide construction such as crown either 
or polyethylene oxide is appropriate, while the 
polymers used for the polyion complexes include 
polymers containing amino groups, polyurethane, 
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polyamide, polyacrylic acid, polyester, and other 
like polar polymers. 

For the mobile dopant retaining layer 4, the 
construction utilizing an ion radical contained poly- 
meric compound including a mobile dopant is the 5 
simplest and preferred in practice, while the ion 
radical of the inverse polarity to the dopant is 
preferably of immobility, i.e. an ion radical of a high 
bulky molecular weight 

This ion radical contained polymer compound w 
including the mobile dopant comprises at least one 
of the following types: 

(a) a low-conductivity electron conjugated polymer- 
ic compound containing a mobile dopant, (b) a 
polymeric compound into which a salt out of a 75 
mobile dopant and an inversely charged ion radical 
is dispersed, (c) a polymeric complex formed of a 
mobile dopant and an ion radical polymer, and (d) 
a low-conductivity compound formed of a mobile 
dopant contained high-conductivity electron con- 20 
jugated polymer and an insulating polymer, each of 
which is detailed below: 

(a) The low-conductivity electron conjugated 
polymeric compound containing a mobile dop- 
ant comprises a polymer having v electron con- 25 
jugated side chains or that including no long- 
distance electron conjugated main chain, which 
includes numerous low-conductivity polymers 
such as, specifically, phenyl-substituent 
polyacetylene, thiophene copolymer, pyrrole 30 
copolymer, and polyvinyl carbazole. 

(b) The polymeric compound into which a salt 
made of a mobile dopant and an inversely 
charged ion radical is dispersed has such a 
structure that a salt having, as ion radicals, 35 
heterocyclic cation radicals containing nitrogen 
and/or sulfur or anion radicals such as 
haloquinone and cyanoquinone has been moiec- 
ularly dispersed into a compatible polymer, the 
construction being possible obtained by a large 40 
number of charge-transfer type organic semi- 
conductor molecularly dissolved in a polar poly- 
mer, for this polar polymer, a polymer contain- 
ing nitrogen or sulfur is suitable, specifically 
such as an amino-group contained polymer, 45 
polyurethane, polyamide, and polyester. 

(c) The ion radical polymer here used may be 
either a cation radical polymer or an anion radi- 
cal polymer, whereas a cation radical polymer 
having in its side chains or main chains 50 
heterocyclic cation radicals containing nitrogen 
and/or sulfur is the most conveniently available, 
such as polymers containing pyridine rings, 
pyrimidine rings, triazine rings, imidazole rings, 
thiazole rings, thiopyran rings, thiophene rings, 55 
pyrrole rings, indole rings, and quinoiine rings. 

(d) For the low-conductivity compound made of 
a mobile dopant contained high-conductivity 



electron conjugated polymer and an insulating 
polymer, such a compound with an arbitrary 
electrical conductivity may simply be derived by 
compounding an electron conjugate polymer 
containing the dopant with a high conductivity 
and an insulating polymer. 
Fig. 3 typically illustrates the movement of the 
dopant within the electrically plastic device in Fig. 
2, wherein on an electron conjugate polymeric 
semiconductor layer 3 including p-type electron 
conjugate polymeric semiconductor 9, 9-1 and an- 
ion dopant 10 there is provided a gate electrode 5 
therebetween with an insulating layer interposed. 
The anion dopant 10 in this invention is mobile and 

moreover has the nnlaritv nnnneito tn that <-»f *h« r>_ 
* * • j ~ t ~ i %w * wi f 

type electron conjugate polymeric semiconductor 
9, 9-1, so that the dopant will move in the direction 
of the layer thickness correspondingly to the volt- 
age applied to the gate electrode, thus the channel 
impedance being subjected to a considerable 
change by the effect of the movement of the anion 
dopant 10. 

This moving speed of the dopant can be deter- 
mined depending on the amount of charge, ion 
radius, type of polymer, density, internal viscosity, 
temperature, and the like of the dopant. 

The equivalent circuit and principle of such a 
device in accordance with this invention are shown 
in Rgs. 4 and 5. Fig. 5 depicts an example of the 
device construction wherein the insulating layer 6 
at the gate in Fig. 4 is replaced by a high resis- 
tance layer 6-1 having a low insulation resistance. 
The high-resistance layer 6-1 at the gate is prefer- 
ably made from a material having an electrical 
resistivity of 10 5 to 10 12 0*cm. It is furthermore 
necessary that the electrical conductivity of the 
electron conjugate polymeric semiconductor layer 
3 between a pair of electrodes after doping be 
markedly higher than that of the mobile dopant 
retaining layer 4, as is apparent from the equivalent 
circuit shown here. The device in accordance with 
this invention is characterized by its capability of 
forming a high-gain device making use of its fea- 
ture that the electrical conductivity of the conduc- 
tive polymer will widely vary up to a range of 10 
orders of magnitude in the direction of the film, i.e., 
that of source to drain. On the other hand, the 
device will allow a high strength of electric field to 
be applied in the thickness direction, thereby ren- 
dering the response speed faster. 

Although Fig. 3 shows, for the sake of explana- 
tion, only an example utilizing the p-type electron 
conjugate polymeric semiconductor layer 9, 9-1 
and the anion dopant 10, it will be apparent to the 
skilled In the art that this invention is not limited to 
this example and this is the case also when cation 
dopant is doped into an n-type electron conjugate 
polymeric semiconductor. 
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The electrically plastic device of this invention 
may be constructed not only with three terminals 
but also with four terminals, for example, taking a 
substrate terminal using silicon single crystal hav- 
ing an Si02 insulating surface. In this case, the 5 
control characteristic thereof will be of a higher 
precision and bistable. 

Rg. 6 illustrates an example of the four-termi- 
nal device, wherein the four-terminal electrically 
plastic device is so constructed that on a gate io 
electrode 1 1 comprising a semiconductor substrate 
having an insulating film 6 on its surface there is 
provided an electron conjugate polymeric semicon- 
ductor layer 3 and a mobile dopant retaining layer 
4 are overlaid with a dopant penetrating separation rs 
layer 12 interposed therebetween. 

The dopant penetrating separation layer 12 in- 
terposed between the electron conjugate polymeric 
semiconductor layer 3 and the dopant retaining 
layer 4 serves to accurately control the dopant 20 
distribution, thereby stabilizing the switching cur- 
rent between a pair of electrodes. For this dopant 
penetrating separation layer 12, an ion penetrating 
porous film or the like may be used; for example, a 
separator material is suitable therefor. 25 

At both ends of the electron conjugate poly- 
meric semiconductor layer 3 and the dopant retain- 
ing layer 4 there are provided electrodes 1 and 2. 
On the mobile dopant retaining layer 4 there is 
provided a gate electrode 5 with a high-resistance 00 
layer 6-1 interposed therebetween. A drive power 
supply is connected between the electrodes 1 and 
2. 

A control voltage in the form of pulse voltage is 
applied to each of gate electrodes 5 and 11, and 35 
the dopant distribution will accurately be controlled 
by controlling the amount, phase, and the like of 
the pulse voltage for both electrodes. 

This invention may also be constructed for a 
two-terminal plastic device such as shown in Rg. 7, 40 
wherein the gate electrode 5 is short-circuited with 
one of the pair of electrodes 1 and 2, e.g. with the 
source electrode 1, and a positive or negative 
pulse voltage is applied between the pair of elec- 
trodes 1 and 2 to control the dopant distribution in 45 
the electron conjugate polymeric semiconductor 
layer 3 or the dopant retaining layer 4, thereby 
varying the electrical conductivity for learning or 
reset operation, while a voltage lower than the 
pulse voltage is applied between the pair of elec- 50 
trades 1 and 2 for driving into conduction. 

As described hereinabove, the electrically plas- 
tic device of this invention is bistable and performs 
switching in connection with time and the amount 
of current, thus being useful for artificial intelli- 55 
gence devices (neurochips). If IC devices are 
formed in the same manner as in the semiconduc- 
tor integrated circuit process using a plurality of 
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such electrically plastic devices, neuronetwork de- 
vices can easily be formed up. 

Now the invention will be described with refer- 
ence to several embodiments. 



Example 1 

As shown in Rg. 2, on an electrically conduc- 
tive substrate 8, there were formed a 5 urn thick 
dopant retaining layer 4 and an electron conjugate 
polymeric semiconductor layer 3 comprising a 10 
urn thick polythiophene layer by overlaying them, 
where a pair of electrodes 1 and 2 were provided 
thereon and a gate electrode 5 was provided there- 
between with an insulating layer 8 interposed. For 
the dopant retaining layer 4, a perchlorate derived 
from a copolymer of 2-vinylpyridine and vinyl ace- 
tate was used. Thus, an electrically plastic device 
was obtained. 

When a pulse voltage was applied to the gate 
electrode 5 of this device into operation, the device 
has shown such non-linear switching characteristics 
as shown in Rg. 9. Making use of this operation, 
the device may be subjected to a learning with a 
positive gate pulse and be reset with a negative 
pulse, as shown in Rg. 8. 

With this device in use for forming up the 
neural network shown in Rg. 10, when a voltage 
was applied across an arbitrary pair of I/O termi- 
nals, only the portion of the device along the shor- 
test course from the Input terminal to the output 
terminal resulted In an extremely low impedance, 
so that the device could experience the learning of 
the relation between the input and output as a 
change in the resistivity thereof. 



Example 2 

As shown in Rg. 7, on an electrically conduc- 
tive substrate 8, there were formed a 20 urn thick 
dopant retaining layer 4 and a 10 urn thick electron 
conjugate polymeric semiconductor layer 3 by 
overlaying them one after another, where a pair of 
electrodes 1 and 2 and an insulating layer 6 were 
formed thereon and a gate electrode 5 was pro- 
vided further thereon, thus constructing an elec- 
trically plastic device. For the mobile dopant retain- 
ing layer 4, a perchlorate derived from a copolymer 
of 4-vinylpyridlne and vinyl acetate was used. In 
the electrically plastic device thus obtained, the 
gate electrode 1 thereof was short-circuited with 
the source electrode 1 so as to make the device 
experience a learning with a positive gate pulse of 
10 V and reset with a negative gate pulse of 10 V, 
so that it has shown a change of up to 10 s of the 
channel impedance. 



6 



11 EP0 418 



With this device in use for forming up the 
neural network shown in Fig. 10. when a voitage 
was applied across an arbitrary pair of I/O termi- 
nals, only the portion of the device along the shor- 
test course from the input terminal to the output s 
terminal resulted in an extremely low impedance, 
so that the device could experience the learning of 
the relation between the input and output as a 
change in the resistivity thereof. 



Example 3 

As shown in Fig. 2, on an electrically conduc- 
tive substrate 8, there were formed a 6 um thick is 
dopant retaining layer 4 and an electron conjugate 
polymeric semiconductor layer 3 comprising a 11 
um thick polypyrrole layer by overlaying them, 
where a pair of electrodes 1 and 2 were formed 
thereon and a control electrode 5 was provided 20 
therebetween with an insulating layer 6 interposed. 
For the mobile dopant retaining layer 4, poly- 
diphenyl acetylene was used. The electrically con- 
trol device thus obtained, when put into operation, 
has shown such a switching characteristics as in 25 
Fig. 9. 



Example 4 

30 

As shown in Fig. 7, on an electrically conduc- 
tive substrate 8, there were formed a 10 um thick 
dopant retaining layer 4 and an electron conjugate 
polymeric semiconductor layer 3 comprising a 8 
um thick polypyrrole layer by overlaying them, 35 
where a pair of electrodes 1 and 2 and an insulat- 
ing layer 6 were formed thereon and a control 
electrode 5 was further provided on the insulating 
layer, and the control electrode 5 was short-cir- 
cuited with the source electrode 1 with a resistor, 40 
thus constructing a two-terminal electrically control 
device. For the mobile dopant retaining layer 4, a 
polyvinyl chloride compound in which a 30% per- 
chlorate of 2,3,4 > 5-tetra-(4-pyridine) thiophene was 
dispersed was used. With the electrically control 45 
device thus obtained in use for forming up a non- 
linear resistive neuro network, when the device was 
put into operation, a network having a resistance 
pattern corresponding to the learning signals could 
be created. so 



Example 5 

As shown in Fig. 6, on a silicon substrate 1 1 55 
including an oxidized insulating film 6, there were 
formed a 5 um thick dopant retaining layer 4 and 
an electron conjugate polymeric semiconductor 
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layer 3 comprising a 10 um thick polypyrrole layer 
by overlaying them with a dopant penetrating sepa- 
ration layer 12 interposed therebetween, where a 
pair of electrodes 1 and 2 and a high-resistance 
layer 6-1 were provided thereon and a control 
electrode 5 was further provided on the high-resis- 
tance layer, thus constructing an electrically control 
device. For the mobile dopant retaining layer 4, a 
compound of polyvinyl quinoline tetraborate and 
urethane was used. The electrically control device 
thus obtained, when put into operation, has shown 
switching characteristics and source-drain current 
time-characteristics similar to that of Example 1 . 



Claims 

1. An electrically plastic device characterized in 
that an electron conjugate polymeric semiconduc- 
tor layer containing a mobile dopant is formed 
between a pair of electrodes and at least one gate 
electrode is provided between said pair of elec- 
trodes with an insulating layer or a high-resistance 
layer interposed along said electron conjugate 
polymeric semiconductor layer. 

2. An electrically plastic device as claimed in claim 
1, wherein the electron conjugate polymeric semi- 
conductor layer comprises a dopant for imparting 
electrical conductivity, a polymer having a long ir 
electron conjugate main chain, and a plasticizer 
dissolving said dopant. 

3. An electrically plastic device as claimed in claim 
1, wherein the electron conjugate polymeric semi- 
conductor layer is of at least one type selected out 
of electrolytically polymerized polythiophene, poly- 
pyrrole, poly-p-phenylene, and their copolymers 
and derivatives. 

4. An electrically plastic device characterized in 
that an electron conjugate polymeric semiconduc- 
tor layer and a dopant retaining layer are formed 
between a pair of electrodes and at least one gate 
electrode is provided between said pair of elec- 
trodes with an insulating layer or a high-resistance 
layer interposed along said electron conjugate 
polymeric semiconductor layer. 

5. An electrically plastic device as claimed in claim 
4, wherein the dopant retaining layer comprises a 
polymeric compound layer complexed with a mo- 
bile dopant. 

6. An electrically plastic device as claimed in claim 
4, wherein the dopant retaining layer comprises an 
ion radical contained polymeric compound includ- 
ing a mobile dopant. 

7. An electrically plastic device as claimed in claim 
6, wherein the ion radical contained polymeric 
compound comprises at least one type selected 
out of (a) a low-conductivity electron conjugated 
polymeric compound containing a mobile dopant, 
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(b) a polymeric compound in which a salt derived 
from a mobile dopant and an inverse-polar Ion 
radical is dispersed, (c) a polymer complex of a 
mobile dopant and an ion radical polymer, and (d) 
a low-conductivity compound made of a mobile 
dopant contained high-conductivity electron con- 
jugate polymer and an insulating polymer. 

8. An electrically plastic device as claimed in claim 
7, wherein the dopant contained low-conductivity 
electron conjugated polymeric compound com- 
prises a polymer having * electron conjugated side 
chain or a polymer having no long-distance elec- 
tron conjugate main chain thereof. 

9. An electrically plastic device as claimed in claim 
7, wherein the polymeric compound into which a 
salt made of a mobile dopant and a reverse-polar 
ion radical is dispersed comprises a salt having, as 
ion radicals, heterocyclic cation radicals containing 
nitrogen and/or sulfur or anion radicals such as 
haloquinone and cyanoquinone has been molecu- 
larly dispersed into a compatible polymer. 

10. An electrically plastic device as claimed in 
claim 7, wherein the ion radical polymer is a poly- 
mer having heterocyclic cation radicals containing 
nitrogen and/or sulfur in its side chain or main 
chain. 

11. An electrically plastic device as claimed in 
claim 5, wherein the polymeric compound layer 
forms an ion clathrate compound or a polyion com- 
plex with a mobile dopant. 

12. An electrically plastic device as claimed in 
claim 11, wherein the ion clathrate compound is of 
a construction of crown ether or polyethylene ox- 
ide. 

13. An electrically plastic device as claimed in 
claim 4, wherein a dopant penetrating separation 
layer is formed between the electron conjugate 
polymeric semiconductor layer and the dopant re- 
taining layer. 

14. An electrically plastic device characterized in 
that a multilayer comprising an electron conjugate 
polymeric semiconductor layer, a dopant penetrat- 
ing separation layer, and a dopant retaining layer is 
formed between or across a pair of electrodes, a 
first gate electrode being provided on said electron 
conjugate polymeric semiconductor layer with a 
high-resistance layer interposed therebetween and 
a second gate electrode being provided on said 
dopant retaining layer with an insulating layer inter- 
posed therebetween. 

15. A electrically plastic device as claimed in claim 
14, wherein the second gate electrode is a semi- 
conductor substrate. 

16. A control method for an electrically plastic 
device so constructed that an electron conjugate 
polymeric semiconductor layer containing a mobile 
dopant is formed across a pair of electrodes and at 
least one gate electrode Is provided between said 



pair of electrodes with an insulating layer or a high- 
resistance layer interposed along said electron con- 
jugate polymeric semiconductor layer, character- 
ized in that a positive or negative pulse voltage is 

5 applied to control the dopant distribution of said 
electron conjugate polymeric semiconductor layer, 
thereby varying the electrical conductivity thereof 
to make said gate'electrode at ground potential, so 
that said pair of electrodes are driven into conduc- 

w tion. 

17. A control method for an electrically plastic 
device so constructed that an electron conjugate 
polymeric semiconductor layer containing a mobile 
dopant is formed across a pair of electrodes and at 

75 least one gate electrode is provided between said 
pair of electrodes with an insulating layer or a high- 
resistance layer interposed along said electron con- 
Jugate polymeric semiconductor layer, character- 
ized in that said gate electrode is short-circuited 

20 with one of said pair of electrodes and a positive or 
negative pulse voltage is applied between said pair 
of electrodes to control the dopant distribution of 
said electron conjugate polymeric semiconductor 
layer, thereby varying the electrical conductivity 

25 thereof so as to drive said pair of electrodes into 
conduction with a potential lower than said pulse 
voltage. 
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